Paper-based batteries represent a new frontier in battery technology. However, lowflexibility and poor ionic conductivity of solid electrolytes have been major impediments in achieving practical mechanically flexible batteries. This work discuss new highly ionic conductive polymer gel electrolytes for paper-based battery applications. In this paper, we present a poly(vinylidene fluoride-hexafluoropropylene) (PVDH-HFP) porous membrane electrolyte enhanced with lithium bis(trifluoromethane sulphone)imide (LiTFSI) and lithium aluminum titanium phosphate (LATP), with an ionic conductivity of 2.1 × 10 −3 S cm −1 . Combining ceramic (LATP) with the gel structure of PVDF-HFP and LiTFSI ionic liquid harnesses benefits of ceramic and gel electrolytes in providing flexible electrolytes with a high ionic conductivity. In a flexibility test experiment, bending the polymer electrolyte at 90
Paper-based batteries represent a new frontier in battery technology. However, lowflexibility and poor ionic conductivity of solid electrolytes have been major impediments in achieving practical mechanically flexible batteries. This work discuss new highly ionic conductive polymer gel electrolytes for paper-based battery applications. In this paper, we present a poly(vinylidene fluoride-hexafluoropropylene) (PVDH-HFP) porous membrane electrolyte enhanced with lithium bis(trifluoromethane sulphone)imide (LiTFSI) and lithium aluminum titanium phosphate (LATP), with an ionic conductivity of 2.1 × 10 −3 S cm −1 . Combining ceramic (LATP) with the gel structure of PVDF-HFP and LiTFSI ionic liquid harnesses benefits of ceramic and gel electrolytes in providing flexible electrolytes with a high ionic conductivity. In a flexibility test experiment, bending the polymer electrolyte at 90
• for 20 times resulted in 14% decrease in ionic conductivity. Efforts to further improving the flexibility of the presented electrolyte are ongoing. Using this electrolyte, full-cell batteries with lithium titanium oxide (LTO) and lithium cobalt oxide (LCO) electrodes and (i) standard metallic current collectors and (ii) paper-based current collectors were fabricated and tested. The achieved specific capacities were (i) 123 mAh g −1 for standard metallic current collectors and (ii) 99.5 mAh g −1 for paper-based current collectors. Thus, the presented electrolyte has potential to become a viable candidate in paper-based and flexible battery applications. Fabrication methods, experimental procedures, and test results for the polymer gel electrolyte and batteries are presented and discussed. C Broad applications of bendable electronics have led to an increased attention toward the development of flexible solid-state lithium ion batteries. [1] [2] [3] [4] Flexible batteries in the forms of microbatteries, printable batteries, and stretchable batteries have been reported. 5, 6 Recent advancements in paper electronics have shown much potential in delivering commercial paper-based devices for a wide range of applications. 7 However, these efforts have been impeded by the lack of flexible, non-liquid-based batteries that are compatible with paper-based platforms. Despite recent improvements, fabrication of a complete solid, paper-based lithium ion battery remains a challenge. 8, 9 The typical use of liquid electrolyte in lithium ion batteries has been one of the major challenges in the integration of batteries into paper-based devices. On the other hand, ceramic electrolytes lack 065206-2 Aliahmad et al.
AIP Advances 6, 065206 (2016) of the flexibility is also a limiting factor in their use for such devices. 10, 11 The motivation of this work is to create a new highly ionic conductive polymer gel electrolyte with LATP (ceramic) and LiTFSI (ionic liquid) for paper-based product applications. The porous structure in the presented electrolyte was created by using glycerol, which represents a new and a simpler method of improving porosity in battery electrolytes. 12 Polymer gel electrolytes have shown promise as they are mechanically flexible, light-weight, and long-lasting. Polymers such as PVDF-HFP and polyethylene oxide (PEO) have been considered the best-suited for solid electrolytes due to their high ionic conductivity and stable material properties within a lithium ion assembly. Previously, ionic conductivity of a PVDF-HFP mixture with an alkali salt and PVDF-HFP electrolyte soaked in ionic liquids have been shown to be in the rage of 10 −3 S cm −1 . [13] [14] [15] PVDF-HFP has a polar semi-crystalline structure with amorphous domains that trap electrolyte and provide an ability to transport ions. 16 Infusing an alkali salt inside the cross-linking polymer structure has the potential to provide the ionic conductivity for the polymer membrane. In the presented work, LATP and LiTFSI ionic solution in ethylene carbonate (EC) and diethyl carbonate (DEC) were chosen for their high ionic conductivity, high working voltage window (up to 4 V), and high chemical stability. [17] [18] [19] It has also been shown that creation of porous structures in electrolyte membranes increases ionic liquid uptake, thereby increasing the ionic conductivity. 19 Thus in the presented work, porous PVDF-HFP membrane was introduced with the use of glycerol.
Another challenge in achieving flexible batteries for paper-based devices has been the difficulty in developing paper-compatible current collectors. CNT has been studied to overcome such challenges: improvements have been made with reported capacities up to 153.5 mAh g −1 and columbic efficiency up to 90.6%. 8, [20] [21] [22] Despite these recent improvements, these devices still use liquid-based electrolytes and expensive CNT current collector fabrication processes. In the presented work, we use a conductive paper current collector fabricated from paper fibers coated with CNT (CNT-microfiber paper). 9, 23, 24 The CNT-microfiber paper preserves the porous structure, making it suitable for flexible applications.
This paper therefore demonstrates the implementation of a paper-based battery that utilizes a PVDF-HFP polymer gel electrolyte and CNT-microfiber paper current collectors. To test the ionic conductivity of the polymer gel electrolyte, it was used to fabricate batteries with both (i) standard metallic current collectors followed by (ii) CNT-microfiber paper current collectors.
PVDF-HFP, glycerol, and N-Methyl-2-pyrrolidone (NMP) were mixed with 2-5% LATP (by weight of PVDF-HFP) and stirred in normal atmospheric conditions for 12 hours. PVDF-HFP/LATP polymer gel electrolyte membranes were casted and subsequently dried in air, followed by drying in a vacuum oven at 50
• C. The resulting polymer membranes were soaked in liquid electrolyte solution consisting of one mole LiTFSI dissolved in a 1:1 volume ratio solution of EC:DEC. The membranes were then dried in an argon filled glove box. All procedures were carried out at room temperature unless noted otherwise.
The CNT-microfiber current collectors used in this work were fabricated from wood microfibers, each coated with CNT through a layer-by-layer (LbL) nanoassembly process, described in detail elsewhere. 9, 23, 24 The LbL nanoassembly technique allows the construction of a composite multilayered coating at nanoscale through the alternate deposition of oppositely charged polyelectrolytes and/or nanoparticles. Aqueous dispersions of poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-PSS) conductive polymer (3 mg ml −1 ) and carbon nanotubes (25 µg ml −1 ) were used as the anionic polyelectrolyte components, while poly-(ethyleneimine) (PEI) (3 mg ml −1 ) was used as cationic component. 24 Coating microfibers with two bi-layers of PEI/CNT alternating with two bi-layer of PEI/PEDOT-PSS achieved the desired conductivity. Following CNT-coating, the wood microfibers were assembled into paper sheets (CNT-microfiber paper), and subsequently used as current collectors, described in detail elsewhere. 9 CNT-microfiber paper preserves the important characteristics of the paper, such as texture and porous structure, while reducing CNT utilization to only 0.2% by weight. 9 LTO and LCO were purchased from Sigma Aldrich. Carbon Black KS6 and super P lithium were purchased from Timcal. LTO (or LCO), Carbon Black KS6, and PVDF-HFP were stirred and dissolved in NMP forming a thick solution. The electrode solutions were then sprayed over the current collectors and dried in a vacuum oven. The mass loading for both of the active materials (LTO and LCO) were 8-9 mg/cm 2 . Two types of current collectors were used: (i) metallic (aluminum and copper) and (ii) CNT-microfiber paper. The CNT-microfiber paper provides conductive porous structures for flexible lithium ion batteries and it has been shown previously that electrode materials on the CNT microfiber current collector fabricated in this manner exhibit better flexibility over metallic current collectors. 9 Fig. 1(a) shows a battery assembly with a CNT-microfiber current collector. Here, the middle layer, between top (anode) and bottom (cathode) electrode layers represents the polymer gel electrolyte. The left inset represents CNT-microfiber paper with a coating of electrode material and the right inset depicts porous PVDF-HFP polymer membrane containing ionic liquids and lithium salts. All battery fabrication steps as well as electrolytes encapsulation for impedance measurements were conducted in an argon filled glovebox.
The characterization results for morphology, structure, electrolyte uptake, and ionic conductivity of the polymer gel electrolyte, and the battery results with metallic and CNT-microfiber paper current collectors are presented and discussed in this section. Formation of size-controlled pores was achieved using glycerol as a plasticizer in the polymer-membrane and by residual drying at a constant temperature, and analyzed by FESEM. Addition of glycerol increases the viscosity of the solution and prevents crystallization by separating polymer from the solvents while the membrane is still wet, resulting in the porous structure. 25, 26 Fig. 1 shows FESEM images of the (b) cross-section and (c) surface of the fabricated polymer gel electrolyte. The cross-sectional image reveals the porous nature of the PVDF-HFP membrane with uniform pore distribution with an average size ∼ 1 µm. The surface of the polymer gel electrolyte (Fig. 1(c) ) demonstrates the uniformity of the membrane surface and an even distribution of the lithium salts. Even though some peaks are observed, no surface fractures or other evidence of damage are present. However, the surface peaks may contribute to an increase in internal cell resistance and may contribute to capacity fade.
Dispersion of salts within the polymer gel electrolyte membrane was observed using energy dispersive X-ray spectroscopy (EDS). Fig. 2(a) , taken over the cross-section of the electrolyte membrane, shows traces of sulfur in LiTFSI (yellow) (sulfur is unique to LiTFSI) and phosphorus in LATP (green) (PVDF-HFP does have phosphorus in it. However, the brightness of green dots and their random distribution in the sample indicate that they are traces of LATP). Fig. 2(b) shows a trace for LiTFSI (sulfur, yellow) which is uniformly distributed, while Fig. 2(c) shows a trace for LATP (phosphorous, green). The larger LATP particles prevent over-crystallization of the polymer, thereby further aiding the ionic conductivity of the polymer gel electrolyte. LATP acts as a polar filler in the polymer structure reducing crystallinity of the PVDF-HFP film. The normalized XRD results of the PVDF-HFP films with no LATP, 0.5% by wt LATP and 3% by wt LATP are shown in Fig. 2(d) . The peaks observed at 2θ = 18.4
• and 20
• demonstrate the crystal phase of the PVDF-HFP, and peaks at 14.7
• and 21
• are attributed to the LATP. 27, 28 After adding the glycerol to the PVDF-HFP the peak at 20
• became wider. Furthermore, by increasing the amount of LATP the peaks at 14.7
• became sharper while the peaks at 18.4
• became wider. Here the crystallinity of the PVDF-HFP is reduced after adding glycerol and LATP. Here the transfer of protons in the membrane takes place because of the aggregation of Li+ ions from both LiTFSI and LATP in the polymer membrane. 27 Increasing the amount of polar ceramics such as LATP makes a polar medium inside the polymer structure and reduces the crystalline (non-polar) phase of the fabricated films. 28, 29 PVDF-HFP membranes with 1, 2, and 3% by weight concentration of LATP were fabricated and electrolyte uptakes of these membranes tested as follows. Membranes were cut to a predefined size and soaked in a LiTFSI/EC/DEC solution (1 mol, 1:1 by weight). No significant change in electrolyte uptake was observed; the polymer maintained absorption of (450 ± 30)% by weight. When the concentration of the LATP increases by up to 3%, the ionic conductivity of the polymer gel electrolyte improves by 20%. However, higher concentration of the LATP leads to reduction in membrane ionic conductivity. 4 FTIR results for (a) PVDF-HFP, (b) PVDF-HFP/LATP, and (c) PVDF-HFP/LATP/LITFSI are presented in Fig. 3 . The peaks observed at 2750-3000 cm −1 and 840-880 cm −1 , which occur in all three plots (indicated as "1" in Fig. 3 ), demonstrate that PVDF-HFP remains in polar form. 28 The peak at 1200-1300 cm −1 in plot (a) indicates C-F bonding in PVDF-HFP, which provides segmental movements inside the polymer and enhances the ionic conductivity. 15, 18 Sharp peaks at 500-700 cm −1 (indicated as "2" in plots (b) and (c)), are for LATP. In addition, a peak of LATP is observed at 980 cm −1 , which is due to the P-O bonds in the structure (indicated as "2" in plots (b) and (c)).
14 Peaks for LiTFSI, observed at 1140 cm −1 and 1490 cm −1 (indicated as "3" in plot (c)), demonstrate that the LiTFSI is dissolved into the gel structure. 30, 31 The peaks at 1600-1700 cm −1 (indicated as "4" in plot (c)) show the trapping of ionic liquid within the polymer gel structure. 32 Bands 879 and 841 cm −1 visible on plots (b) and (c) identify the β and γ phases of the PVDF-HFP, respectively, indicating the amorphous structure of the polymer. The symmetric and asymmetric out of plane deformations of SO 2 group in LiTFSI structure are also visible at 1138 and 617 cm −1 bands respectively. In addition, C==O vibration is observed at 1734 cm −1 . The C-H stretching, visible at 1420-1440 cm −1 , identifies the aggregation of lithium compound in the polymer membrane. 28, 33 Next, electrical impedance spectroscopy (EIS, Solarton Galvanostat) tests of the electrolyte were conducted using stainless steel electrodes in an argon filled glove box. The amplitudes of the DC potential for these measurements were 0.5 mV and frequency range from 100 mHz to 1 MHz. The ionic conductivity of the polymer gel electrolyte was measured to be up to 2.1 × 10 −3 S cm
for 100 µm thick and 2.8 × 10 −3 S cm −1 for 280 µm thick, respectively. Fig. 4(a) shows the ionic conductivities of these polymer gel electrolytes. In addition, a bending test was conducted and ionic conductivity re-measured. The conductivity of the electrolyte decreased by 14% after it was placed inside a pouch cell and bent at 90
• and straightened for 20 times. The decrease in conductivity due to bending is attributed to surface deformation of the polymer, and loss due to migration of the trapped ionic liquid away from the bent areas. Further examination of the electrolyte after the bending test also revealed shallow surface fractures on the polymer around the bent region. The lithium transference number of the electrolyte, measured using stainless steel and lithium electrodes as described by Zhao et al., 33 was observed to be 0.967. Next, tests for ionic conductivities of the paper-based and metallic LTO/LCO cell with the polymer gel electrolyte were conducted. The Warburg model was used to determine the ohmic resistance (R s ) and charge-transfer resistance (R ct ) of metallic and CNT-microfiber paper-based LTO/LCO batteries. Fig. 5(b) shows the ionic conductivities of two full-cell lithium ion devices fabricated with the gel electrolyte, and using metallic and CNT-microfiber paper current collectors. Inset of Fig. 5(b) shows the equivalent circuit of the cell using Warburg model. These cells used 100 µm thick polymer gel electrolytes. The calculated R s and R ct are 0.15 Ω and 5.78 Ω for metallic current collector-based batteries and 7.92 Ω and 40 Ω for paper-based batteries, respectively. The higher R s for paper-based cell is attributed to a higher dielectric constant of paper current collectors and imperfect contact between the electrodes and electrolyte membrane. In addition, the surface roughness of the paper-based electrodes reduces the effective contacts between the polymer gel electrolyte and the electrodes.
LTO/LCO full cells were fabricated using copper and aluminum metallic current collectors and tested for the voltage range of 0.8 to 2.5 V with C 5 −1 rate. The capacities of the metallic current collector cell for the 1st and 10th cycles are shown in Fig. 5(a) . The 1st cycle charge capacity was measured to be 123 mAh g −1 and discharge capacity was measured as 85 mAh g −1 . These capacities are comparable to the LTO/LCO battery capacities published in literature. 8, 9 A high drop in capacity of 18% from the 1st to 2nd cycle was observed. However, after the 2nd cycle the drops in capacity in consecutive cycles were less than 4% each. The drop in capacity from 1st to 3rd and 1st to 5th cycles were 21.4% and 28.1%, respectively, while the drop in capacity from 2nd to 10th cycle was 24%. The drop in capacity is attributed to the extraction of free ions in the polymer membrane causing a reduction in the ionic conductivity. In addition, the formation of a solid electrolyte interface (SEI) layer, unbalanced capacity between anode and cathode (resulting from the use of spray method), and formation of lithium over electrolyte during the charge/discharge cycle that causes trapping of the lithium ions over the surface of the polymer gel electrolyte, may also contribute to the capacity drop. Full cells using CNT-microfiber current collectors were fabricated and tested. An FESEM image showing the layers of CNT-microfiber current collectors and electrolyte membrane is shown in Fig. 1(d) . It was observed that the active materials formed a uniform layer over the paper substrates. This uniform layer is more resistive to bends and fractures due to the porous nature of the CNT-microfiber paper. 9 The charge and discharge capacity curves for the paper-based cell are shown in Fig. 5(b) . Maximum charge and discharge capacities of 99.5 mAh g −1 and 75.6 mAh g −1 , respectively, were achieved. This charge capacity is 24% lower than the charge capacity of metallic current collector cells presented above. The higher internal resistance of the cell which was discussed above is attributed to a lower capacity and slightly lower voltage observed in the CNT-microfiber current collector cells as compared to metallic current collector cells. Other factors causing this drop may be attributed to a higher dielectric constant of paper current collectors, imperfect contact between the electrodes and electrolyte membrane and lower effective contacts between the polymer gel electrolyte and the electrodes.
Furthermore, the imperfect contact between the active material layer and polymer gel electrolyte reduces the ionic conductive paths, which also contributes to a reduction in the overall capacity. 34, 35 However, the capacities for the paper current collector batteries reported here, which use polymer gel electrolyte (thus, have all solid construction), are comparable with the capacities for preciously reported paper batteries that use liquid electrolytes and LTO/LCO electrode materials. 9 Similar to the metallic current collector batteries discussed in the previous section, a high drop in capacity of 13% from 1st to 2nd cycle was also observed in the CNT-microfiber current collector batteries. However, the drop was only 19% from 2nd to 10th cycles (compared with 18% and 24% respectively for first to second and second to 10 th cycles for the metallic current collector data). As described above for metallic current collector cells, SEI formation, material stabilization, and variations in electrode mass loadings due to the spray method are attributed for these capacity drops. In addition, having the CNT in the electrodes can also increase the chance of the SEI formation in presence of the EC and DEC solvents, over the electrodes. 36 Fig 5(c) show the capacity of the paper-based and metallic cells for the first 15 cycles. The capacity of the cells decreased sharply after the 15 th cycle due to the SEI and lithium dendrite formation. 33, 34 The cyclic performance needs to be improved for wider applications of the developed batteries. Efforts to improve the cycle life of the cells are currently being pursued. It should be noted that the electrode materials over CNT-microfiber current collectors provide better flexibility compared to metallic current collectors as described in detail elsewhere. 9 Most importantly, the use of paper-based CNT-microfiber current collectors and a polymer gel electrolyte makes the presented battery assembly better suited for integration in paper-based platforms.
A PVDF-HFP polymer gel electrolyte with a high ionic conductivity and its application in paper-based batteries consisting of CNT-microfiber paper current collectors have been presented. The electrolyte consists of a highly porous PVDF-HFP membrane enhanced with LATP and LiTFSI ionic solution, and ionic conductivity of 2.1 × 10 −3 S cm −1 was achieved. Combining of the high ionic conductivity property of ceramic and mechanical flexibility of polymer gel structure has been demonstrated to provide flexible gel electrolyte with high ionic conductivity, an enabling feature for paper-based battery development. The electrolyte membrane was fabricated into regular and paper-based cells using LTO and LCO electrode materials, and performances were studied. Capacities up to 123 mAh g −1 for metallic and 99.5 mAh g −1 for CNT-microfiber current collector based devices, respectively, were achieved. The difference in the charge/discharge plateau between the paper-based and metallic cells is due to the difference in the total impedance of the cells. 32 The higher internal resistance of the paper-based battery is attributed to a lower capacity from first to second cycle. Efforts to overcoming these challenges and further improving the cycle-life of the developed batteries are ongoing. While the capacity and performances for the paper-based battery need improvement, the solid paper-based battery shows promises in many applications that require only limited power, such as RFID, wireless sensors, electrochromic displays, and paper-based functional electronics.
